The transition from an endogenous to an exogenous regime of lava dome growth must be achieved by 22 the formation of discontinuities within the dome. Such transitions (and vice versa) are an important 23 characteristic of most long-lived lava domes and often coincide with significant changes in the dynamics 24 of magma supply and lava dome collapse events. For the purpose of this paper, following recent 25 experimental and observational evidence, we assume that such a transition occurs when shear bands are 26 generated. A model for the formation of shear bands, and therefore the growth transition within a dome 27 and coupled conduit domain is presented. Shear bands are most likely to initiate at the junction of the 28 conduit and base of the dome, where the shear stress experienced between new lava entering the dome 29 and existing lava is greatest. Stress accumulation within the shear bands is likely to lead to brittle shear, 30 resulting in the formation of fractures. Finite element modelling of lava flow shows that such shear 31 bands only develop for certain extrusion rates and lava viscosities. Similarly, the growth regime of the 32 lava dome will depend upon the extrusion rate and viscosity within the conduit, which is largely 33 controlled by volatile loss and the growth of crystals in the upper part of the conduit. We consider a 34 simplified rheology during lava dome growth considering isothermal conditions with crystal growth. 35
Introduction 47
The transition from endogenous to exogenous lava dome growth (and vice versa) is an important 48 characteristic of most long-lived lava domes (Nakada et al., 1995; Watts et al., 2002 Despite its obvious importance in extrusive eruptions of silicic magmas, there is no mature model of 143 shear band formation in lava domes and magma conduits that we can employ to test the conditions under 144 which the transition from endogenous to exogenous dome growth may occur. That is, as far as we are 145 aware, existing computational models including shear-generated structures do not explicitly consider the 146 fracture of magma beyond a critical shear or yield strength. The Neuberg et al. (2006) and Gonnerman 147
and Manga (2003) numerical models consider viscous flow in a conduit. However, in both of these 148 models the simulations are stopped when the critical yield strength is reached. For example, in 149
Gonnermann and Manga (2003) they stopped the simulation when fragmentation occured (given by the 150 shear strength) rather than include the transition to flow of fragmented magma in the upper conduit. 151 Neuberg et al. (2006) simulated magma flow in a 2D conduit model. They calculated the depth at which 152 the critical stress is reached and at this depth they changed the conduit wall boundary condition from 153 that of no-slip condition to that of friction-controlled slip. Their model did not explicitly locate the 154 region where friction-controlled slip would occur (which would be achieved by modelling strain-155 localisation). 156 157 We have developed our own axi-symmetrical numerical model using the Finite Element Method (FEM) 158 that explicitly simulates strain localisation. The model is generic in nature but we employ the physical 159 parameters of the andesite magma being erupted as a lava dome at the Soufrière Hills Volcano, 160 Montserrat to characterise the model behaviour. We also then test this model against a transition from 161 endogenous to exogenous growth at Soufrière Hills Volcano that was well observed from October to 162
December 1996 (Watts et al., 2002) . The formation of a zone or band of shear along the conduit wall 163 will occur when the shearing stress experienced equals the shear strength of the magma. As we 164 demonstrate, the most probable location for this to occur is where the conduit enters the base of the 165 dome and the flow regime changes (Fig.1 ). But the model should also be able to accommodate the 166 creation of shear bands elsewhere. Hence the model is designed as a combined dome-and-conduit 167 domain. This is unusual; most computational models have treated the dome (e.g. Hale and Wadge, 2003) 168 and conduit (e.g. Melnik and Sparks, 1999; Hale and Mühlhaus, 2007) processes separately. However, 169
for computational speed our model does not extend the conduit domain to the magma reservoir and we 170 assume a magma flux or pressure as an input to the system. 171 172
The intention of this study is to test what conditions are required for shear band development in silicic 173 magma flowing through a conduit and into a lava dome, to promote the transition from endogenous to 174 exogenous dome growth. We establish an axi-symmetrical FEM model of the conduit and dome to 175 simulate the flow. This model is appropriate for a cylindrical conduit from which an axi-symmetric 176 dome grows onto a horizontal plane. The length of the conduit at Soufrière Hills Volcano from the 177 surface to the crustal magma reservoir is approximately 5 km (Barclay et al., 1998), but for 178 computational speed we consider only the uppermost few hundreds of metres. This is justified because 179 there is evidence that most of the dynamic variability in the conduit, particularly over-pressurization due 180 to degassing (Sparks, 1997) , long-period earthquakes and tremor (Neuberg et al., 2006) and cyclic tilting 181 episodes (Voight at al., 1999) have their origin within the upper conduit. Therefore it is likely that the 182 shear bands which govern the dome growth regime, are likely to be shallow (Hale, 2007) and that 183 pressure change in the conduit due to shear bands is negligible below their depth of formation (Hale and 184 Mühlhaus, 2007) . 185 186 In order to grow the dome from an initially flat surface without having to re-mesh the free surface of the 187 dome we use the level set method (Sussman et al., 1994) . The fluid in the model must simulate the 188 rheology of silicic magma (in this case andesitic). The major element composition of the liquid 189 component, volatile and crystal contents, temperature and pressure are the primary variables that 190 determine the viscosity and yield criterion of the magma. For simplicity, and computational speed, we 191 consider a simplified crystal growth model and isothermal conditions. The model treats the magma as a 192 viscoplastic fluid. That is, we only consider a purely plastic response, i.e. no elasticity, and therefore 193 cannot model the evolution of shear bands towards the surface given the potential elastic contribution to 194 flow. Even with such simplifications the computational calculations can take up to 600 hours to solve, 195 and therefore we restrict the parameter space of our models for a first look into the effects of crystal 196 growth on shear band development. 197 198 In Section 2 of the paper we describe the model equations, the computational domain and 199 parameterisation. Section 3 presents the results of general numerical experiments to explore the 200 behaviour of the model. We show how the crystallinity and extrusion rate are key factors in initiating 201
shear bands. Our model is then applied in Section 4 to the case example of an endogenous to exogenous 202 transition that was observed between October and December 1996 on Soufrière Hills Volcano, 203 Montserrat. 204 205
A Lava Dome-Conduit Flow Model 206
The model equations are formulated in an Eulerian framework with magma fed in at the base of the 207 conduit at a pressure P to grow a dome on a horizontal base. The surface of the lava is free to move at 208 the end of each time step using the level-set method (Sussman et al., 1994) . The axi-symmetrical model 209 domain for the initial state and a later time step are shown in Figure 2 , with the domain rotated about 210 r=0. The lower right part of the model domain is the surface of the volcano and here the velocity is set to 211 zero, v = (0, 0). The boundary condition at the conduit inlet, i.e. the path to the magma reservoir, is 212 described by a stress boundary condition of the form 0 P zz (constant pressure head) as shown in 213 Figure 2 with zero shear stress. Our models are computed using a generic finite element solver called 214
Finley, accessed via a user interface with a scripting facility (Escript) (Gross et al., 2007 The lava dome grows into the air, which is represented in the model by a free surface with a major 223 discontinuity in viscosity and density. Domes typically grow with a carapace of chilled lava blocks, but 224 for simplicity we don't consider this in our simulation. Our models consider a difference in viscosity 225 between the lava dome free surface and embedding medium (the air) of approximately two orders of 226 magnitude, with the embedding medium having the lower viscosity and the density of the air is zero. It 227 is found that there is negligible difference in the free surface shape for viscosity differences between the 228 lava and embedding-medium greater than an order of magnitude, and that domes modelled with this 229 order of magnitude difference in viscosity produced very good fits to analytical models of dome growth 230 (Hale et al., 2007a with the yield criterion providing the limit to the acceptable stress state within the material, which is 283 defined as the stress at which a material begins to flow plastically. Prior to the yield point the material 284 will deform linearly, i.e. as a Newtonian fluid in our case, and once the yield criterion has been reached 285 some fraction of the deformation will be permanent and non-reversible. The formation of shear bands is 286 accompanied by the shear stress reaching a plateau, equalling the magnitude of the yield criterion. Given 287 the high shear stresses generated, shear bands can be viewed as weak regions that are prone to failure. 288 289 Laboratory experiments show that the critical stress at the onset of yield is a function of pressure, 290 temperature, strain, strain-rate, porosity and sample size (Kearey and Vine, 1996 
377
Observational data from the Soufrière Hills Volcano suggests that lava extruded at the free-surface is up 378 to 90% crystalline . Assuming a conduit 5 km in length, an initial crystallinity of 60%, 15 metres in 379 radius and extrusion rates up to 10 m 3 s -1 , we find that the maximum crystal growth rate coefficient is 380 in the range 0.1 -0.3 x10 -6 s -1 . Thus, the minimum and maximum crystal growth rates,  , range from 0 381 to 0.3 x10 -6 s -1 , using equation 6. Couch et al. (2003) performed decompression experiments using 382 plagioclase to show that there is a steady increase in the growth of plagioclase crystals as the final 383 decompression pressure is lowered. Experiments in which samples were decompressed to 50 MPa from 384 160 MPa show that the crystallinity increase after 8 hours can be as high as 5 -6%. This corresponds to 385 a crystal volume fraction growth rate of approximately 0.2 x10 -6 s -1 . 386 387
The formation of bubbles from the exsolved gases reduces the bulk density, but impedes the free flow of 388 the liquid component. These effects can be modelled at the bubble scale (Blower et al., 2001). However, 389 the processes of bubble aggregation and migration as gas flows through preferred pathways at or near 390 the conduit walls are potentially major factors determining the number and role of bubbles in the 391 magma. Rather than introduce a separate, ill-constrained, model component to handle this, we choose to 392 ignore the role of bubbles in the magma other than in their implicit role in microlite formation. In 393 addition to this, the influence of bubbles upon the viscosity is relatively weak (a maximum change in 394
viscosity of approximately 75% (Lejeune et al., 1999 )) compared to the crystal volume fraction, 395 potentially increasing the effective viscosity to over four orders of magnitude (Costa, 2005) . 396 397
Temperature 398
We maintain the conduit walls at a constant temperature throughout the simulation, justified by 399 assuming the eruption is long-lived and the conduit walls have been pre-heated. The magma is treated 400
isothermally to simplify the model and to prevent very large viscosity gradients from developing at the 401 free surface, which would require a very refined mesh. This is a reasonable assumption since the thermal 402 conductivity of the lava is very low, and for a significant portion of the dome interior isothermal 403 conditions will prevail. Also, at the cooler free surface, magma will behave as a brittle solid and cannot 404 be described using our visco-plastic model. A cooled free surface would require additional physics, 405
including an elastic component. This simplification also means that we cannot model the evolution of 406 shear bands to the dome free surface where an elastic contribution would become necessary. We use the coupled dome and conduit model domain ( conduit region is 100 m. The crystallinity, and therefore viscosity, of the magma is maintained at a 445 constant value and a fixed pressure is applied from the conduit inlet. Figure 3a shows an example of the 446 extent of a shear band generated within the conduit. For this simulation the initial magma height is at the 447 level of the volcano surface, i.e. the conduit is filled with magma, and shear bands form the moment 448 magma begins to flow. This results in a shear band one element wide directly against the conduit wall. 449
After half a minute of dome growth an 18 m long, shear band region grew (Fig. 3a) . Shear bands form a 450 continuous zone in our models between the conduit exit (or slightly above) to a final depth along the 451 conduit wall. A shear band can also be initiated by lowering the yield criterion, after a small lava dome 452 has formed (Fig. 3b) In exogenous dome growth, lava is extruded directly to the free surface of the dome, requiring some 464 form of internal structure capable of channelling the magma. During surface emplacement, the lava at 465
Soufrière Hills has been observed to extrude in a stick-slip manner along curved structures, interpreted 466 as ductile shear boundaries, sometimes cylindrical in form, suggesting that the conduit wall provides the 467 main detachment surface (Watts et al., 2002) . We therefore make the assumption that the conditions for 468 exogenous lava dome growth will exist when shear bands are first generated at the conduit exit. The endogenous to exogenous boundary is well defined by these results in extrusion rate-crystallinity 486 space (Fig.5) . If shear bands are generated within the conduit then the magma flow is labelled as 487 exogenous, whilst for magma flow without shear bands the flow is labelled as endogenous in figure 5 . 488 As the crystallinity in the magma increases, the extruded lava is more likely to support shear bands 489 (exogenous growth) for the same extrusion rate. This is due to the higher pressure, and correspondingly 490 higher shear stresses, that are required to force crystal-rich and therefore higher viscosity magma out of 491 the conduit. Magma containing a smaller crystal volume fraction exhibits flow without shear bands at 492 the conduit exit for low extrusion rates and can only develop shear bands for higher extrusion rates. 493
Whilst this relationship will hold generally, we need to constrain the model behaviour with observations, 494 which we now do using data from Soufrière Hills Volcano acquired during 1996. 495 496
[ Figure 5 (Table 2) . During the first day, 513 the dome had grown, unobserved, to a height of about 20 m at the base of the collapse amphitheatre by 514 axi-symmetrical spreading away from the vent. In succeeding days it grew endogenously and the surface 515 texture changed from smooth to blocky. By 18 October the dome had reached a height of over 80 m and 516 its lateral spread had begun to be constrained by the earlier dome remnants. After about 22 October, the 517 dome continued to grow centrally and increased in height (Table 2 ) but the margins of early endogenous 518 growth became stagnant. Subsequent growth was largely exogenous. 519 520
[ Table 2 about here] 521 522
On 26 October 1996 the first of a series of nine swarms of "hybrid" earthquakes were recorded by the 523 MVO seismic network. Most lasted one or two days and the series ended on 13 December with the 524 extrusion of a "megaspine" (Watts et al., 2002) . Hybrid earthquakes have a high frequency onset and a 525 long-period coda The increase in height of the dome was well constrained from observations, the diameter less so (Fig. 6 ). 530
The volumetric growth rate of the dome decreased generally from mid-to late-October, though 531 observational data were too sparse and noisy to capture this well (Fig. 6) . It is during the transition from 532 aseismic endogenous growth to hybrid-related exogenous growth that the measured flux to the dome 533 decreased from about 2 m 3 s -1 to about 0.2 -0.7 m 3 s -1 (Fig. 6) (Fig.18) ) interpreted this as a shear-bounded intrusion that had been forced 540 southwards from the conduit exit and took two to three weeks to traverse the full thickness of the dome. 541
It is tempting to call such uplift "endogenous", but that would be misleading in this context because it is 542 clear that the uplifting intrusion was a near-solidified body, not thermo-mechanically continuous with 543 the rest of the dome as during the first three to four weeks of growth. 544 545
[ Figure 6 about here] 546 547
The onset of hybrid seismicity on 26 October coincided with the observation, and seismic measurement, 548 of rock avalanches from Galway's Wall, the outer southern crater wall. The avalanches seemed to have 549 been triggered by the strong shaking (~ 0.2g) induced by the hybrid earthquakes and the coupling must cannot prove it, it is possible that the cycles measured in early December 1996 extended back to the start 565 of the hybrid earthquake swarms on 26 October. By analogy with the cycles analysed from the 1997 566 record, the hybrid swarms may have been accompanied by shallow inflation and low magma flux, 567 followed by deflation and increased magma flux. The increasing amplitude of the hybrid earthquakes 568 from 26 October to 13 December suggests that this cyclic mechanism was evolving over this period. 569 570 571
The observations and measurements made during October-December 1996 indicate that: 572 573 i) Full evolution from initial endogenous growth to appearance of a spine (Fig.1) Currently we cannot model the full extrusion of a spine to the free-surface (iv, above) because this 588 would require additional physics in the model, incorporating elastic effects as well as viscoplastic flow 589
properties. Instead we model the point at which the transition to exogenous dome growth occurs via the 590 formation of shear bands (ii). Observations of pulsatory exogenous dome growth (iii), are probably 591 related to pressure changes in the upper conduit due to the formation of shear bands (Hale and  592 Mühlhaus, 2007) or stick-slip behaviour of magma in the conduit (Iverson et al., 2006) . This is also 593 beyond the limitation of our current model, although we are able to estimate the increase in pressure 594 required for the switch in extrusion regime given the crystallinity field within the conduit and the height 595 of the existing dome. Finally, our model is currently axi-symmetrical and cannot consider asymmetrical 596
properties as in (iv). However, even with these limitations we can begin to explain some of the processes 597 required to produce the endogenous-exogenous transition of October 1996. We model lava dome growth using the crystal growth model presented in equation 6 and an initial 616 crystallinity of 0.65 for the magma within the conduit segment. We use a driving pressure from the 617 conduit inlet (Fig. 2 ) that gives an extrusion rate similar to that observed at the start of the eruption (i.e. 618 approximately 2 m 3 s -1 ). 619 620 4.1.1 Constant driving pressure 621
Models are solved using a constant pressure at the conduit inlet to observe the evolution of the lava 622 dome shape over time, the extrusion rate, and the shear stress field at the conduit exit, the location where 623 shear bands will first form. Figure 8 shows representative results from one simulation using an initial 624 crystallinity of 65%, a crystal growth rate coefficient of 0.1 x10 -6 s -1 for the entire model domain 625 (including the conduit exit) and a pressure at the conduit inlet of 3 MPa. The height of the lava dome at 626 day 26 is much lower than observed, approximately 35 m compared to 96 m (Fig.8a) . Figure 8b shows 627 the extrusion rate over time. The extrusion rate at the conduit inlet decreases from an initial value of 628 approximately 2m 3 s -1 due to two effects: an increase in lava dome height, and the increase in 629 crystallinity which act to increase the magma viscosity. The extrusion rate initially decreases rapidly 630 during day 1, predominantly due to the growth in lava dome height. Further decrease of the extrusion 631 rate due to the growth of crystals resulted in an extrusion rate of approximately 0.06m 3 s -1 at day 26. 632 Figure 8c shows the modelled maximum shear stress value at the conduit exit, which also drops 633 significantly during the first day of extrusion and remains at low levels. 634 635
[ Figure 8 about here] 636 637
These results, for a constant driving pressure, show that the shear stress experienced at the conduit exit 638 decreases with time due to the decrease in extrusion rate from the subsequent increase in crystallinity. 639
The development of shear bands is thus suppressed. 640 641
Increasing driving pressure 642
We now explore the effect of increasing the driving pressure on dome growth. Such an increase in 643 pressure could have developed due to the exsolution of dissolved volatiles in the initially crystal-poor 644 and volatile-rich magma, or from the increasing viscosity and over-pressure as magma rises in the 645
conduit ( We need an expression to describe how the pressure within the conduit changes with time. For 655 simplicity we use a linear rate of increase in driving pressure. Figure 9 shows representative results from 656 one simulation using a crystal growth rate coefficient of 0.1 x10 -6 s -1 for the entire model domain 657 (including the conduit exit), an initial pressure at the conduit inlet of 3.6 MPa, and an increase in 658 pressure of 12 Pa per second (an increase in pressure of approximately 1MPa per day). 659 660
[ Figure 9 about here] 661 662
For this model the radius of the dome increases too rapidly with time (Fig.9a ). This is a probably a 663 consequence of using a Newtonian fluid model with no carapace or talus resisting flow. However, the 664 height of the lava dome fits relatively closely to the observations. Three effects compete to control the 665 effusion rate; an increase in driving pressure forces an increase in extrusion rate, the increase in lava 666 dome height decreases the extrusion rate, and an increase in crystallinity also acts to decrease the 667 extrusion rate. For the results shown in Fig 9b, the extrusion rate initially decreases rapidly (up to day 668 0.6) due to the increase in lava dome height above the conduit exit. After this point the extrusion rate 669 increases due to the increasing driving pressure up to day 8. Following this the crystallinity has 670 increased enough within the dome and conduit to enhance the viscosity which then acts to reduce the 671 extrusion rate. The maximum shear stress (Fig. 9c) It was observed that after about 26 October, although the dome continued to grow centrally and increase 681 in height (Table 2) , the volumetric growth rate decreased generally and became more variable, although 682 observational data are too sparse to capture this adequately. This could be because of the competing 683 pressure effects with the additional complexities of shear bands including: i) pressure increase and 684 decrease from the build-up and release of volatiles along fractures due to the generation of shear bands, 685
ii) change in pressure due to the height of the dome changing, iii) stick-slip flow from the development 686 of shear boundaries affecting the extrusion rate and pressure field within the conduit, and iv) rheological 687 changes in time. 688 689 4.1.3 Lava dome shape evolution 690 Figure 10 shows the morphological evolution of the lava dome in six steps for the model presented in 691 Figure 9 . The growth of the lava dome starts to be restricted by the surrounding crater wall by day 6. 692
Because our model is Newtonian, and does not consider a confining carapace or talus, our model is 693 probably over-estimating the lateral spread of the dome. This results in a relatively flatter profile for the 694 more distal surface of the lava dome compared to that observed (Fig.7) . 695 696
[ Figure 10 about here] 697 698
Dome growth to the point of transition 699
Lava dome evolution models, with parameters appropriate for the Soufrière Hills Volcano October 1996 700 lava dome forming event, enable us to estimate the dome properties at the time of shear band formation. 701
Since we cannot consider the dynamic evolution of shear bands, the simulation is stopped at day 26, 702 when shear bands are first thought to form. For the simulations presented in this subsection the yield 703 criterion is set to a very high value to ensure that shear bands are not generated at any time during the 704 simulation. We consider two scenarios: a) constant crystallinity at the conduit exit, and b) crystal growth 705 at the conduit exit following the form given by equation 6. All the model runs begin with a crystallinity 706 of 65% for the lava and a temperature of 1100 K. We consider three values for the crystal growth 707 coefficient, three different initial driving pressures and a range of different incremental increases in 708 driving pressure over time. The models use values within the parameter ranges shown in Table 3.  709  710 [ Table 3 about here] 711 712
In Figure 11 we provide results for the lava dome properties at day 26 from thirty two model runs that 713 sample the parameter space. The results are grouped with the same crystal growth rate, the same initial 714 driving pressure and whether the crystallinity increases at the conduit inlet or not, so that it is possible to 715 then plot the results against the incremental increase in pressure per second. Figure 11a shows the final 716 extrusion rate at day 26 for all the model runs. Increasing the pressure increment acts to increase the 717 final extrusion rate for all the model groups. Models with a lower crystal growth rate coefficient, , 718 have the highest final extrusion rate, because they have the smallest increase in crystallinity and 719 subsequently the lowest viscosity increase. Models with a constant crystal volume fraction at the conduit 720 exit are very similar to the models in which the crystal volume fraction increases as given by Equation 6. 721 This is because the largest crystallinity increase occurs at shallower levels close to the free surface of the 722 lava dome, where the pressure is lowest, which then appears to most significantly affect dome growth. 723 Figure 11a also shows the inferred extrusion rate on day 26, calculated from a linear interpolation of the 724 observational data in Table 2 Figure 11c shows the final lava 735 dome radius at day 26. Generally the lava dome radius is too large for an appropriate extrusion and 736 height (Figures 11a and 11b) , probably a consequence of using a Newtonian fluid model. Increasing the 737 pressure increment acts to increase the radius at day 26 for all the model groups. Models with a lower 738 crystal growth rate coefficienthave the highest final radius due to the smallest increase in crystallinity 739 over the time period which corresponds to the lowest viscosity and largest amount of lateral spread. 740 Figure 11d shows the volume of the extruded lava at day 26. The shape of the lava dome at day 26 for four models is shown in Fig.12 . The lateral growth is restricted 753 by the surrounding crater wall for all the model runs. Because our model is Newtonian, and does not 754 consider a confining carapace or talus, our model is probably over-estimating the lateral spread and 755 underestimating the height of the dome, resulting in a relatively flat profile for the surface of the lava 756 dome. Comparing these results to Figure 7 , the inferred final lava dome shape at day 26, there are 757 several similarities, primarily for models using a higher pressure increase with time. We now investigate, with parameters appropriate for the Soufrière Hills Volcano October 1996 lava 770 dome forming event, the yield criterion for the magma necessary to generate shear bands at day 26. 771
Instead of guessing what the shear strength of the lava needs to be to generate shear bands, we instead 772 calculate the shear stress at the junction of the conduit and base of the dome and use this value to 773 estimate the yield criterion value necessary to generate shear bands. The shear stress at the junction of 774 the conduit and base of the dome was recorded for the model runs presented in Figure 11 . Figure 13  775 shows that the shear stress calculated at day 26 ranges between 1 and 30 MPa. These models use very 776 large yield criterions to ensure that the magma does not enter the plastic regime. For much smaller yield 777 criterion values a model that calculates the flow of magma with shear-thinning properties is required. It 778
is not possible to use the value given in Figure 13 because we need to iterate over the viscosity and 779 strain rate, which then changes the flow properties within the dome. 780 781
[ Figure 13 about here] 782 783
From the results presented in Figure 11 we identify five parameter sets that produce a lava dome 784 geometry, volume and extrusion rate close to the observational data set at day 26. For each of these 785 model runs we apply three appropriate yield criterion values, i.e. fifteen model runs likely to produce 786 shear bands at approximately day 26. Table 4 shows the parameters for the models considered, the time 787 at which shear bands form within the conduit, and the time at which they enter the dome. Shear bands 788 first form at the conduit exit because here the flow is the most constrained and appropriate for 789 generating shear bands. At later times shear bands can extend within the conduit and dome if the shear 790 stresses continue to increase above the conduit exit. It should be noted again that as we do not consider 791 any elastic component to the evolution of these shear bands their extension is minimal and any increase 792 in length is due to the magma locally entering the plastic regime rather than the brittle propagation of the 793 sheared region within the dome. 794 795
[ Table 4 about here] 796 797 Figure 14 shows the time at which shear bands first form for the modelled yield criteria values. Note that 798 the magnitudes of the yield criteria that permits shear bands to form close to day 26 are approximately 799 60 to 80% lower than the value for the maximum shear stresses given in Figure 13 . This is because the 800 model considers shear thinning within the plastic zone which can initially act to suppress shear bands 801 from forming (see equation 4 and the discussion in section 2.
3). Our model shows that the magnitude of 802 the yield criterion for the magma needs to be in the range 15 -20 MPa for shear bands to form within 803 the dome at day 26, and this requires an increase in pressure of between 20 and 27 MPa. These values 804 are quite large, though without experimental confirmation it is difficult to say whether they are outside 805 of the range of reasonable yield criterion magnitudes. This may be because we are using a large crystal 806 growth coefficient and a large driving pressure to reduce lateral spread and enhance dome height, when 807 this might be more correctly achieved by a talus or solid carapace component to the model. For the lava 808 dome growth models considered, the crystallinity within the dome and conduit ranged from 80 to 85%. 809
Considering Figure 4 , this degree of crystallisation suggests that the yield criterion magnitude must be 810 very high to inhibit the formation of shear bands until after day 26. Reducing the crystallinity within the 811 lava dome to say 70% would enable to transition from endogenous to exogenous lava dome growth to 812 occur for an extrusion rate of approximately 0.5m 3 s -1 . 813 814
[ Figure 14 about here] 815 816
Although in reality the flow properties within the dome will change because of the development of shear 817 bands, our model shows essentially no immediate change in lava dome geometry or extrusion rate when 818 shear bands are generated This is not surprising because we do not consider an elastic component and 819 therefore do not model any addition displacement due to frictional slip. We instead only consider the 820 change in extrusion rate due to a plastic flow component, i.e. shear thinning. 821 822
Discussion 823
These models show that the formation of shear bands in a lava dome is governed by both the rheology 824 and the dynamics of lava entering the dome from the conduit. This sensitivity to state variable values is 825 a characteristic of the rich range of extrusion properties observed at Soufrière Hills which allows the 826 eruptive style to switch from one state to another. Melnik and Sparks (2002) used data from this same 827 period to illustrate multiple solutions to the steady boundary problem with non-linearities caused by 828 crystallization kinetics, though they did not consider the dome flow regime explicitly as we do here. The 829 sensitivity to state variable values and the unknowns in the initial conditions ultimately mean that these 830 models must be viewed as qualitative rather than quantitative. 831 832
We are able to simulate some of the observed characteristics of the October -December 1996 Soufrière 833 Hills Volcano transition from endogenous to exogenous growth of the lava dome. These are summarised 834 in Figure 15 in which our modelling is represented by the first two panels, up to day 26 of the episode. 835 We have shown that for a constant pressure, the evolving endogenous flow regime does not reproduce 836 the dome growth characteristics observed. We have, for simplicity's sake, imposed a pressure that rises 837 linearly with time. Whilst the growth in pressure at the base of the dome, as the dome grows, is 838 physically reasonable, the increase may not be linear. Similarly, a stiffer (e.g. Bingham) rheological 839 model or one with a talus or restraining carapace could provide a fit to the observed dome shape without 840 having to invoke the high pressures that our current model requires to achieve the same fit. 841
Qualitatively, our simulation of a rising central region above the conduit as the dome growth approaches 842 the time of transition does fit with the observed equivalent effect four days before the first swarm of 843 hybrid earthquakes that we take to mark the transition. 844 845
The conduit exit is identified as the most likely place to nucleate a shear band, which is the precursor for 846 exogenous flow. However, our model, lacking as it does the ability to model elastic responses, is not 847 capable of following the evolution of the shear band through propagation to the surface and the resultant 848 dynamic behaviour. Hence we cannot prove that the transition process took 26 days in this case, but the 849 circumstantial evidence is compelling. The succeeding 30-day phase of exogenous growth at low 850 extrusion rates, with increasingly energetic hybrid earthquake swarms (Fig.6) 2007). Such a brittle failure mechanism for shear band development could greatly increase the 856 permeability of the magma to gas flow (Tuffen et al., 2003) . This concentrated gas flow could have a 857 significant effect on the local rheology of the magma surrounding the shear band, and that could affect 858 its propagation and longevity. After formation, the shear band may relax the conditions that led to its 859 formation and become passively advected by subsequent flow, but remain as a structural discontinuity 860 within the dome, susceptible to subsequent exploitation (Tuffen et al. 2003) . 861 862
Our model is axi-symmetrical. Whilst this is a reasonable assumption in this case, towards the end of 863
October 1996 the dome was becoming elongated in the direction of crater opening and talus was 864 forming down this slope. Further modelling of the exogenous regime in this specific case and more 865 generally, would require a non-axi-symmetric, three-dimensional, approach. For example, the intrusion 866 leading to the December "megaspine" was eccentric to the conduit. Also the propagation of the shear 867 band to the surface often develops a strong directional asymmetry with one shear surface prominent at 868 the surface and the lava forming a "shear lobe" (Watts et al., 2002) 
where n denotes the outer normal field of the domain and A, B and X are as for (A1 formed. The region where the magma has reached the plastic limit is shown by the white contour and the 1176 shaded region corresponds to the shear stress divided by the yield criterion. Where this value is equal to 1177 unity the magma is behaving plastically and is shaded black. Where the magma is behaving as a 1178
Newtonian fluid the figure is white. The lava dome free-surface is shown as a continuous black line. 1179
The grey zone in the bottom-right of the domain corresponds to the surface of the volcano and edge of 1180 the conduit wall, and has the boundary condition of zero velocity. probably during lulls between hybrid earthquake swarms; eccentric uplift of the dome margins by an 1255 inferred lateral lava intrusion, leading to more vigorous extrusion of a large "megaspine"after the lava 1256 intrusion breaks the surface. 1257 1258 1259 Tables  1260  1261  Table 1 
